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Glutamate is the most abundant excitatory neuro-
transmitter in the brain, and distinct classes of gluta-
mate receptors coordinate synaptic transmission
and spike generation upon various levels of neuronal
activity. However, the mechanisms remain unclear.
Here, we found that loss of synaptic AMPA receptors
increased kainate receptor activity in cerebellar
granule cells without changing NMDA receptors.
The augmentation of kainate receptor-mediated cur-
rents in the absence of AMPA receptor activity is
required for spike generation and is mediated by
the increased expression of the GluK5 high-affinity
kainate receptor subunit. Increase in GluK5 expres-
sion is sufficient to enhance kainate receptor activity
by modulating receptor channel properties, but not
localization. Furthermore, we demonstrate that the
combined loss of the AMPA receptor auxiliary
TARPg-2 subunit and the GluK5 subunit leads to
early mouse lethality. Our findings reveal mecha-
nisms mediated by distinct classes of postsynaptic
glutamate receptors for the homeostatic mainte-
nance of the neuronal activity.
INTRODUCTION
Glutamate is the primary excitatory neurotransmitter in the verte-
brate brain. Upon its release from presynaptic terminals, gluta-
mate interacts with three distinct classes (the AMPA-, kainate-,
and NMDA-type) of ionotropic glutamate receptors (iGluR), lead-
ing to the depolarization of the postsynaptic membrane and the
generation of spikes in the postsynaptic neuron. The precise
control and regulation of synaptic strength and spike generation
is critical for normal brain function.
Homeostatic synaptic plasticity is a mechanism to maintain
synaptic activity at a level appropriate to the neuron or neural cir-
cuit. Both pre- and postsynaptic homeostatic mechanisms have
been proposed. The inhibition of postsynaptic glutamate recep-
tor activity has been shown to alter glutamate quantal content
and release from presynaptic terminals, and several presynapticmolecules have been implicated in activity-dependent changes
in glutamate release in the fly neuromuscular junction (Davis,
2006). As an example of a postsynaptic mechanism, AMPA re-
ceptor (AMPAR) activity is increased upon the blockade of action
potentials with tetrodotoxin (TTX) treatment in cultured neurons.
As mechanisms, changes in AMPAR subunit composition, the
involvement of signaling molecules, and transcriptional activity
have been reported (Burrone and Murthy, 2003; Lee, 2012;
Man, 2011; Nelson and Turrigiano, 2008; Shepherd and Bear,
2011; Vitureira et al., 2012). Therefore, both pre- and post-
synaptic mechanisms implicate the AMPAR as an important
mediator of homeostatic synaptic plasticity. It remains unclear,
however, how the different classes of iGluRs contribute to the
physiological regulation of synaptic activity.
Among the three classes of iGluRs, the kainate receptor (KAR)
has been the least studied. The KAR is composed of three types
of subunits: the low-affinity subunits (GluK1/2/3), high-affinity
subunits (GluK4/5), and Neto1/2 auxiliary subunits (Contractor
et al., 2000; Fernandes et al., 2009; Kumar et al., 2011;
Mulle et al., 1998; Pinheiro et al., 2007; Straub et al., 2011a;
Tang et al., 2011; Tomita and Castillo, 2012; Zhang et al.,
2009). The KARs mediate both synaptic transmission and plas-
ticity (Contractor et al., 2011; Jane et al., 2009; Lerma, 2006; Nic-
oll and Schmitz, 2005; Pinheiro and Mulle, 2008; Traynelis et al.,
2010). Although the KAR-mediated excitatory postsynaptic cur-
rent (EPSC) is typically of small amplitudes, its distinctly slow ki-
netics can induce significant charge transfer and contributes to
spike generation by temporal summation (Cunningham et al.,
2006; Frerking and Ohliger-Frerking, 2002; Sachidhanandam
et al., 2009). Despite detailed knowledge of the KAR, it remains
unclear whether the regulation of KARs is important for synaptic
homeostasis.
In the current study, we have identified a postsynaptic
mechanism controlling spike generation. We show that the loss
of synaptic AMPAR activity increases KAR-mediated synaptic
transmission without changing NMDARs at the cerebellar mossy
fiber-granule cell (MF-GC) synapses. At this synapse, the upre-
gulation of KAR activity concurrent with AMPAR inhibition is
required for spike generation. The loss of both the AMPAR auxil-
iary subunit TARPg-2 and KAR subunits (GluK2 or GluK5) causes
mouse lethality, whereas mice lacking only TARPg-2 or the KAR
subunits are viable. Furthermore, suppression of neuronal activ-
ity by TTX increases KAR activity in wild-type neurons, but not in
neurons lacking AMPARs. We show that the upregulation ofNeuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc. 687
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Figure 1. KAR Activity Is Upregulated in the
Absence of AMPAR Activity
(A and B) Representative MF-evoked EPSP traces
in response to 20 Hz stimulation trains in GCs from
wild-type (WT) (A) and stargazer (Stg) (B) cere-
bellar slices before (left; ) and after (right; +)
30 mM GYKI53655 bath application.
(C) Summary graph of discharge probability.
(D–F) EPSCs elicited by MF stimulation in cere-
bellar GCs from WT (D) and Stg (E and F) mice at
holding potentials of +40 mV (top panels) and
70 mV (bottom panels). Each trace is a single-
sweep record. D-APV (50 mM) was added to block
NMDAR-mediated EPSCs.
(G) Averaged trace of nearly 100 single-sweeps of
MF-evoked EPSCs in the presence of GYKI53655
(30 mM) in a GC from a stargazer mouse at a
holding potential of 70 mV. MF stimulation was
repeated at 0.1 Hz.
(H) Spikes generated by directly injecting a train of
depolarizing current steps in a GC from a star-
gazer cerebellar slice. The top panel shows the
current injection protocol (0.75 pA for 20 ms,
20 Hz, 40 pulses). Summary graphs of discharge
probability and spike delay from MF stimulation
(n = 10) and current injection (n = 5).
(I) Representative climbing fiber (CF)-evoked
EPSC traces in Purkinje cells (PC) from wild-type
(WT) and stargazer (Stg) cerebellar slices. KAR-mediated EPSCs were isolated by blocking AMPAR-EPSCs with 100 mM GYKI53655 and all responses were
confirmed to be blocked by KAR antagonist, 10 mM UBP310. Summary graph of EPSC amplitude (wt, n = 7; Stg, n = 6).
(J) NMDAR-EPSCs at cerebellar MF-GC synapses from WT and Stg upon single stimulation (Vh = +40 mV). Scaled and superimposed traces are shown in the
upper panel. No significant differences were detected in either peak amplitudes (left) or decay kinetics (right) between WT and Stg mice (n = 6–8).
(K) Protein expression in total cerebellar lysate from WT and Stg mice (n = 3 for each). No significant difference was detected between genotypes.
Data are shown as mean ± SEM. See also Figure S1.
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Plasticity by AMPA and Kainate Receptorspostsynaptic KAR activity is mediated by the increased expres-
sion of the high-affinity GluK5 KAR subunit, which alters the KAR
channel properties, but not the synaptic localization. From these
data, we conclude that the maintenance of homeostatic
neuronal activity in cerebellar granule cells is accomplished by
distinct classes of iGluRs.
RESULTS
Homeostatic Control of Spike Generation by
Upregulation of KAR Activity in the Absence of AMPAR
Activity
Spike generation in the postsynaptic neuron is controlled by a
summation of the activities of all three classes of iGluRs. To
examine how each class of iGluR contributes to spike genera-
tion, we evaluated activity at cerebellar MF-GC synapses, where
all three classes of iGluR are highly expressed (Hollmann and
Heinemann, 1994). To distinguish excitatory transmission from
inhibitory GABAergic transmission, the GABAA receptor antago-
nist picrotoxin (100 mM) was included in all experiments unless
specified otherwise.
We compared the relative contribution of AMPARs and KARs
to spike generation in GC neurons using a repetitive 20 Hz stim-
ulation applied to the MFs, which is in a range of the stimulation
frequency observed in vivo (Arenz et al., 2008). We showed that
the minimum stimulation of MFs generated spikes in cerebellar
GCs in the presence of the NMDAR antagonist D-APV (50 mM)688 Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc.(Figure 1A). The application of a preferential AMPAR antagonist,
GYKI53655 (30 mM), completely blocked spike generation in
cerebellar GCs, suggesting that the AMPAR mediates this activ-
ity in the GCs (Figures 1A and 1C).
To examine the contribution of the other iGluRs to spike
generation in GC neurons, we prepared acute cerebellar slices
from stargazer mice, which show no AMPAR activity due to dis-
ruptions in the AMPAR auxiliary subunit, TARPg-2/stargazin (Ha-
shimoto et al., 1999; Letts et al., 1998). In these mice, we also
observed spikes in GC neurons following MF stimulation, and
this activity was not blocked by GYKI53655 (30 mM) (Figures
1B and 1C). Similar results were observed in the absence
of picrotoxin (Figure S1 available online). These results sug-
gest that the potentiation of a channel insensitive to 30 mM
GYKI53655, presumably KARs, provides a homeostatic
compensatory mechanism to maintain synaptic activity in the
AMPAR-deficient stargazer mice.
To further examine transmission at the MF-GC synapse, we
measured excitatory postsynaptic currents (EPSCs) in acute
cerebellar slices. The specific loss of AMPAR-EPSCs in star-
gazer (Vh = 70 mV) was confirmed (Figures 1D and 1E; Hashi-
moto et al., 1999). Upon blockade of NMDARs with D-APV
(50 mM), no obvious EPSCs were observed using voltage-clamp
mode (Vh = 70 mV and +40 mV) with either Cs+-based (Fig-
ure 1F) or K+-based intracellular solutions (data not shown; see
details in Experimental Procedures). However, by averaging
nearly 100 traces of evoked EPSCs, we observed ‘‘tiny’’ EPSCs
Neuron
Plasticity by AMPA and Kainate Receptorsthat had very small amplitudes and slow decay kinetics (2.53 ±
0.73 pA, 15.6 ± 1.5 ms, n = 4). The decay kinetics of these tiny
EPSCs were 4.6 times slower than those of AMPAR-mediated
EPSCs at the KAR-lacking synapse in GluK2 KAR single
knockout mice (65.6 ± 4.3 pA, 3.4 ± 0.4 ms, n = 12), and could
be blocked by CNQX (100 mM), but not by GYKI53655 (30 mM;
Figure 1G). To examine whether these tiny EPSCs are sufficient
for spike generation, we directly injected repetitive 20 Hz cur-
rents (0.75 pA, 20 ms) into the GCs, which represent a charge
transfer similar to that of the endogenous tiny currents observed
(0.0157 ± 0.0045 pC; Figure 1H). With this protocol, we observed
that the direct current injections mimicked both the discharge
probability and the spike latency of action potentials elicited in
the GCs by MF stimulation (Figure 1H). These results suggest
that these tiny, but slow, EPSCs are sufficient for spike genera-
tion in cerebellar GCs. In addition, we also found the upregula-
tion of KAR in the reduction of AMPAR in Purkinje cells (PCs).
At the cerebellar climbing fiber-PC synapses from stargazer,
the amplitude of AMPAR-EPSCs was reduced as published pre-
viously (Hashimoto et al., 1999; Menuz and Nicoll, 2008). In
contrast, the amplitude of KAR-EPSC was significantly
increased compared to wild-type littermates (Figure 1I).
The loss of AMPAR activity in the stargazer mice may cause
global changes in synapses such as, for example, a delay in syn-
aptic development. To examine this possibility, wemeasured the
activity and subunit composition of NMDARs in acute cerebellar
slices. We found that the amplitudes and kinetics of NMDAR-
mediated EPSCs in cerebellar GCs showed no obvious differ-
ences between the wild-type and stargazer mice (Figure 1J).
Furthermore, the protein expression of GluN2C and PSD-95,
which increase during synaptic development (Akazawa et al.,
1994; Monyer et al., 1994; Watanabe et al., 1992), were not
altered in the stargazer mouse cerebellum compared to wild-
type controls (Figure 1K). These results indicate that the 30 mM
GYKI53655-resistant channel activity in the AMPAR-deficient
stargazer is not due to global changes in synaptic properties.
Rather, this activity appears to be due to specific changes in
the iGluR composition contributing to spike generation.
The GluK2 KAR Is Required for Viability and Spike
Generation in the Absence of the AMPAR Auxiliary
TARPg-2 Subunit
The slow decaying EPSCs insensitive to GYKI53655 (30 mM) indi-
cate that KARs may be upregulated in the absence of AMPAR
activity. To directly examine the contribution of KARs to spike
generation, we took a genetic approach using the GluK2
knockout (KO) mouse, in which the most abundant KAR isoform
in cerebellar GCs, GluK2, is deleted (Bahn et al., 1994), as well as
the GluK2/stargazer double knockout (DKO) mouse. In cere-
bellar slices prepared fromGluK2/stargazer DKOs, noGC spikes
were elicited by repetitive 20 Hz MF stimulation (Figures 2A, 2C,
and 2D). In contrast, similar to our findings in wild-typemice (Fig-
ure 1H), direct current injection into cerebellar GCs did generate
spikes in the GluK2/stargazer DKOs, indicating that the mach-
inery for the spike generation in the postsynaptic GCs is intact
(Figures 2B and 2E). For the GC spike generation elicited by
MF stimulation, both the discharge probability and the spike
delay were reduced in the stargazer mice, and spikes were ab-sent entirely in the GluK2/stargazer DKOs, while no significant
differences were detected from the GluK2 single KO (Figures
2A, 2C, and 2D). These results indicate that both KARs and
AMPARs can contribute to spike generation, and GluK2 KARs
play essential roles in spike generation in the absence of AMPAR
activity at cerebellar MF-GC synapses. Furthermore, spike gen-
eration unaltered in the GluK2 single KO (Figure 2) is consistent
with no KAR contribution in spike generation in wild-type mice
(Figure 1A).
The stargazer and the GluK2 single KO can survive to at least 1
year of age (Mulle et al., 1998; Noebels et al., 1990). In contrast,
the GluK2/stargazer DKOs, generated by crossing pairs of ho-
mozygous GluK2 KO (GluK2/) and heterozygous stargazer
(g-2+/stg), are born at Mendelian ratios then die by postnatal day
(P)30 with severe deficits in locomotion (Figures 2F and 2G) but
no obvious changes in cerebellar gross anatomy (Figure 2H).
This result indicates that TARPg-2/stargazin and GluK2 play
redundant roles in overall survival, and that GluK2-containing
KARs canmaintain viability in the absence of TARPg-2/stargazin
and, presumably, AMPAR activity. As mammals can survive
without a cerebellum (Lemon and Edgley, 2010), the lethality of
theGluK2/stargazerDKOs likely arises not only from thedysfunc-
tion of cerebellar GCs, but also from the disrupted function of
other neurons that express GluK2 and TARPg-2/stargazin.
KAR Activity Is Upregulated by Homeostatic
Mechanisms
We have shown that KAR activity is potentiated in the stargazer
GCs (Figure 1). This KAR potentiation could be due to compen-
satory or homeostatic regulation. To distinguish these possibil-
ities, we explored a relationship between homeostatic plasticity
and KAR upregulation in the stargazer GCs.
We first examined changes in postsynaptic KAR activity by
measuring glutamate-evoked currents using combinations of
various antagonists. Glutamate (300 mM) applied together with
the NMDAR antagonist D-APV (100 mM), which presumably acti-
vates both AMPARs and KARs, elicited a 2-fold larger current in
cerebellar GCs from wild-type, compared to stargazer, mice
(Figure 3A). On the other hand, application of GYKI53655
(30 mM) completely inhibited the glutamate-evoked currents in
cerebellar GCs from wild-type, but not stargazer, mice (Fig-
ure 3A). These residual GYKI53655-resistant currents in the
stargazer GCs were completely blocked by 100 mM CNQX (Fig-
ure 3A). These results indicate that KAR activity is potentiated in
the postsynaptic GCs of the AMPAR-deficient stargazer
cerebellum.
We next examined whether KAR activity in the postsynaptic
GCs is potentiated in homeostatic plasticity induced by treating
primary cultures of wild-type cerebellar GCs with TTX (2 mM),
which blocks action potentials (Burrone and Murthy, 2003;
Nelson and Turrigiano, 2008). We measured glutamate-evoked
currents (Vh = 70 mV) using the same experimental conditions
as in Figure 3A. We found that TTX treatment enhanced
glutamate-evoked KAR activity in GCs from wild-type mice (Fig-
ure 3B). In contrast, the glutamate-evoked KAR activity in star-
gazer GCs was not altered in the presence of TTX, indicating
that TTX-induced KAR activity is occluded by the loss of AMPAR
activity in stargazer GCs (Figure 3B). These results suggest thatNeuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc. 689
Figure 2. GluK2 KAR Subunits Play an Essential Role in Spike Generation and Mouse Survival in the Absence of AMPAR Auxiliary TARPg-2
Subunit
(A) Representative MF-evoked EPSP traces in response to 20 Hz 40 MF stimulation trains in GCs fromWT, Stg, GluK2/Stg DKO, and GluK2 KO cerebellar slices.
In stargazer slices, some spikes were observed, whereas no spikes were observed in slices from GluK2/Stg DKOs.
(B) Spikes generated by direct current injection to the same GC as in (A).
(C–E) Summary graphs of discharge probability (C), spike delays (D), and the number of spikes in (B) (E) from the different genotypes (n = 8–10).
(F and G) GluK2/Stg DKOs showed severe neurologic phenotypes, and all mice died by P30.
(H) Nissl staining of sagittal sections from GluK2 KO and GluK2/Stg DKO brains. No obvious differences in brain gross anatomy were detected.
D-APV (50 mM) was added in the external solution in (A)–(E). Data are shown as mean ± SEM. ***p < 0.005.
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Plasticity by AMPA and Kainate ReceptorsKAR upregulation observed in the stargazer GCs and in the TTX-
induced homeostatic plasticity share a common mechanism.
Homeostatic KAR Regulation Is Mediated by Increasing
the Expression of the GluK5 KAR Subunit, Which Cannot
Form a Homomeric Channel
The potentiation of postsynaptic KAR activity could be mediated
by an increase of KAR expression. To test this possibility, we
examined protein levels in total lysate and postsynaptic density
(PSD) fractions from stargazer and wild-type cerebellum. We
observed a specific increase in the levels of GluK5, but not
GluK2 or Neto2, protein in both the cerebellum (Figure 4A) and
cultured cerebellar GCs (Figure 4B) from stargazer compared690 Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc.to wild-type controls. Furthermore, we comparedmRNA expres-
sion levels in the cerebellum of wild-type and stargazer mice us-
ing quantitative (q)PCR.Weobserved a significant increase in the
mRNA levels for GluK2, GluK5, and Neto2 in the stargazer cere-
bellum compared to wild-types, with no changes in the mRNA
levels of the NMDAR subunit GluN1 (Figure 4C). Importantly,
we also observed that TTX treatment increased the protein
expression of GluK5, but not GluK2 and other synaptic markers,
in both the total cell lysate and in the Triton-insoluble (PSD-
enriched) fractions from cultured cerebellar GCs (Figure 4D).
These data indicate that both the suppression of neuronal ac-
tivity and the loss of the AMPAR auxiliary TARPg-2 subunit in-
crease GluK5 protein expression in the PSD. However, it has
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Figure 3. Loss of AMPAR Activity and Suppression of Neuronal
Activity Potentiate KAR Activity in the Postsynaptic Cells
(A) Glutamate-evoked currents were recorded in GCs from WT and Stg cere-
bellar slices (Vh =70mV). The summary graph (n = 5 each) shows that theKAR
activity that was resistant to GYKI53655 (30 mM) was potentiated in Stg mice.
(B) Glutamate-evoked KAR currents were measured in cultured GCs from WT
and Stg mice, with or without TTX treatment, in the presence of 30 mM
GYKI53655 (Vh = 70 mV). The summary graph of steady-state values (n = 5
each) shows that the inhibition of action potentials with TTX or the loss of
AMPAR activity enhanced KAR activity in the postsynaptic neurons, and those
enhancements occluded each other.
Data are shown as mean ± SEM.
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Plasticity by AMPA and Kainate Receptorsbeen shown that the GluK5 subunit cannot form a homomeric
channel, and must form heteromers with the GluK1–3 subunits
for proper function (Barberis et al., 2008; Christensen et al.,
2004; Fernandes et al., 2009; Kumar et al., 2011; Nasu-Nishi-
mura et al., 2006; Ruiz et al., 2005). Therefore, we asked whether
the increase in GluK5 expression alone is sufficient for the
increased KAR activity observed in stargazer neurons. To
answer this question, GluK5 was transfected into cultured GCs
and glutamate-evoked KAR currents were measured. We found
that GluK5 overexpression enhanced glutamate-evoked KAR
currents in cultured GCs fromwild-typemice, while having no ef-
fect on glutamate-evoked KAR currents in GCs from stargazer
mice, which were already elevated (Figure 4E), suggesting that
the upregulation of GluK5 in neurons treated with TTX and in
AMPAR-deficient stargazer GCs is sufficient to increase KAR ac-
tivity. These results identified a mechanism of KAR upregulation,
i.e., increase in GluK5 expression, shared in the stargazer GCs
and in the TTX-induced homeostatic plasticity.
The GluK5 KAR Subunit Is Required for Upregulated
KAR Activity in Cerebellar GCs
To determine whether the GluK5 KAR subunit is required for syn-
aptic homeostasis, we measured MF-elicited spike generationfrom GluK5 KOs and GluK5/stargazer DKOs. We observed that
spike generation was similar between the GluK5 KO and wild-
type mice (Figure 5A). However, spikes were completely abol-
ished in the GluK5/stargazer DKO (Figures 5A and 5B). Direct
current injection into GCs induced spikes in all three genotypes
to a similar extent, suggesting that there were no differences in
the postsynaptic machinery for spike generation between these
groups (Figures 5C and 5D). Similar to the GluK2/stargazer
DKOs (Figures 2F and 2G), the GluK5/stargazer DKOs all died
by P30, with severe deficits in locomotion (Figures 5E and 5F).
No obvious differences in cerebellar gross anatomy were
observed between the GluK5 KOs and the GluK5/stargazer
DKOs (Figure 5G). Like the GluK2/stargazer DKOs, this lethality
is likely a result from the disrupted functions of many kinds of
synapses, not just those in the GCs.
Loss of the GluK5 Subunit Does Not Alter the Synaptic
Localization of the KAR Complex
The lack of KAR activity in the GluK5/stargazer DKOs (Figure 5A)
may be due to changes either in the KAR channel properties or
in the number of KARs. Indeed, loss of the high-affinity KAR sub-
units GluK4/5 have been shown to reduce the synaptic localiza-
tion of KARs at the hippocampal MF-CA3 synapses to half
of wild-type levels (Fernandes et al., 2009). To evaluate KAR
localization, we compared protein levels in total protein lysate
and PSD fractions from GluK5 KO to those from wild-type
(Figures 6A and 6B) and from the GluK5/stargazer DKO cere-
bellum to those from stargazer mice (Figures 6C and 6D). We
did not detect any obvious differences in the protein levels of
GluK2, Neto2, GluN1, or PSD-95 in the cerebella of the different
genotypes. These results suggest that KARs comprised of
GluK2/Neto2 localize to the synapse in wild-type, GluK5 KO,
and GluK5/stargazer DKO mice, although we did not detect
KAR-mediated transmission in the wild-type cerebellum
(Figure 1A).
To further confirm the synaptic localization of KARs in thewild-
type cerebellum, we performed immuno-electron microscopy
and found that both GluK2/3 and Neto2 predominantly localized
to the cerebellar MF-GC synapses, but not evident in the attach-
ment plaques formed between the digits of GC dendrites
(Figures 6E and 6F). Quantitative analysis further revealed that
immunogold labeling for GluK2/3 and Neto2 was limited almost
exclusively to the synapticmembrane (Figures 6G and 6H) on the
postsynaptic side of the MF-GC synapse (Figures 6I and 6J).
Likewise, we found that GluK2/3 localized mainly to the PSD
of the hippocampal MF-CA3 pyramidal cell synapse (Figures
6K–6M).
Modulation of KAR Glutamate Affinity by GluK5 Is
Required for Synaptic KAR Responses
We showed that the upregulation of theGluK5 subunit is required
for spikes in the absence of AMPAR activity, but that the synaptic
localization of the KAR complex is not affected by the presence
or absence of GluK5. Therefore, we next determined whether the
presence of GluK5 alters KAR channel properties that impact
synaptic transmission. GluK5 is shown to modulate both the
agonist affinity and the decay kinetics of KAR in heterologous
cells (Barberis et al., 2008; Straub et al., 2011b).Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc. 691
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Figure 4. Potentiation of KAR Activity Is through Increased Expression of the GluK5 High-Affinity Subunit
(A–C) Protein expression in total cerebellar lysate and in the PSD fraction (n = 3–4) (A), in total lysate of cultured GCs and in the Triton X-100 insoluble fraction (n =
4) (B), andmRNA expressionmeasured by quantitative RT-PCR (n = 3) (C) in cerebella fromWT andStgmice. Protein expression of GluK5 is specifically increased
in Stg cerebella and cultured GCs.
(D) Protein expression in total lysate and in the Triton X-100 insoluble fraction from cultured WT GCs with or without TTX (2 mM) treatment (n = 4 each). GluK5
protein expression was increased specifically.
(E) Glutamate-evoked KAR currents were measured in cultured GCs from WT and Stg mice, with or without GluK5-overexpression, in the presence of 30 mM
GYKI53655 (Vh=70mV). Thesummarygraphofsteady-state values (n=5each) shows thatGluK5expressionenhancedKARactivity inWTGCs,butnot inStgGCs.
All data are shown as means ± SEM. *p < 0.05, ***p < 0.005.
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GluK5-mediated KAR upregulation in the absence of AMPAR
activity, we first compared the EPSP summation in the MF-GC
synapse of stargazer and GluK5/stargazer DKOs (Figure 7A).
Second, we compared summation of glutamate-evoked re-
sponses of KAR expressed in HEK cells using outside-out
patches and a Piezo electric device (Figure 7B). Five consequent
stimuli (20 Hz) of the MF pathway elicited KAR-EPSPs and a sig-
nificant summation in the presence of D-APV (50 mM; Figure 7A,
black line in each trace). In contrast, KAR-EPSPs were not de-
tected in cerebellar slices from GluK5/stargazer DKOs, in which
the KARs are presumably composed of GluK2/Neto2 without
GluK5 (Figures 7A and 7C).
The kinetics of KARs containing GluK2/GluK5/Neto2 following
a 1 ms application of 300 mM glutamate in outside-out patches
from transfected HEK cells mimicked the kinetics of the KAR-
EPSPs and EPSCs observed in acute slices (Figures 7A–7D),
although difference in membrane properties and composition
of endogenous channels likely exist between the two systems.
Namely, we detected glutamate-evoked currents and summa-
tion in outside-out patches from HEK cells expressing GluK2
and Neto2 without GluK5 (Figures 7B and 7C). Since the pres-
ence of GluK5 robustly enhanced the peak amplitude of recom-
binant and native KARs, we conclude that the modulation of the
KAR amplitudes byGluK5 contributes to the upregulation of KAR
activity in stargazer mice.692 Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc.Next, we evaluated the contribution of GluK5-mediated
changes in agonist affinity to synaptic transmission by
measuring the glutamate dose-response curve for GluK2/
Neto2-containing KARs in outside-out patches from transfected
HEK cells. To determine the channel affinity for glutamate, we
measured the peak amplitudes evoked by 1 ms application of
different concentrations of glutamate. We found that the pres-
ence of GluK5 shifted the glutamate dose-response curve of
GluK2/Neto2 KAR to the left (Figure 7E). In addition, to evaluate
roles of GluK5 in modulating glutamate affinity of KARs in neu-
rons, we measured glutamate dose-response curve of KAR-
mediated steady state currents by whole-cell recording of GCs
on acute cerebellar slices. We found that KARs in stargazer
mice show smaller EC50 than KARs in GluK5/stargazer DKO,
indicating that GluK5 shifts glutamate affinity higher in cerebellar
GCs (Figure 7F). These results support that GluK5-dependent
modulation of agonist affinity is the type of modulation involved
in upregulating KAR activity in the absence of AMPAR activity.
The application of 300 mMglutamate for 1ms is a relatively low
amount of glutamate compared to the concentration of gluta-
mate at the synapse previously estimated using primary hippo-
campal neurons and competitive inhibitors (Clements et al.,
1992; Lester et al., 1990). Therefore, we further evaluated the ef-
fects of glutamate concentration and KAR composition upon
KAR-mediated EPSP/Cs in the stargazer mice. As described
above, we found that recombinant GluK2/Neto2 KARs with
Figure 5. GluK5 Is Required for Spike Generation and Mouse Survival in the Absence of AMPAR Auxiliary TARPg-2 Subunit
(A) Representative MF-evoked EPSP traces in response to 40 MF stimulation trains at 20 Hz in GCs from acute cerebellar slices from the WT, GluK5 KO, and
GluK5/Stg DKO mice. No spikes were observed in the GluK5/Stg DKOs.
(B) Summary graph of discharge probability from the different genotypes.
(C) Spikes generated by direct current injection to the same cell as in (A).
(D) Summary graph of the numbers of spikes in C from the different genotypes (n = 8–9).
(E and F) GluK5/Stg DKOs show severe neurologic phenotypes, and all mice die by P30, similar to the GluK2/Stg DKOs.
(G) Nissl staining of sagittal sections from GluK5 KO and GluK5/Stg DKO brains shows no gross morphological abnormalities.
All data are shown as means ± SEM. ***p < 0.005.
Neuron
Plasticity by AMPA and Kainate ReceptorsGluK5 mimicked KAR-EPSPs (Figures 7A–7D and 7G), whereas
KAR missing any one component did not (Figure 7G). Further-
more, only the 1 ms application of 300 mM glutamate mimicked
KAR-EPSPs in GluK2/GluK5/Neto2-containing membranes,
whereas applications of a longer duration or a lower/higher con-
centration of glutamate did not (Figures 7H and 7I). We observed
that the higher concentrations of glutamate increased the rise ki-
netics of KARs, and that 300 mM, but not 1 mM glutamate,
mimicked the rise kinetics of native KARs (Figure 7J). Further-
more, the 1 ms application of 300 mM glutamate on outside-
out HEK cell patches expressing recombinant AMPAR, GluA2/
GluA4/stargazin, which recapitulate the native AMPAR composi-
tion of cerebellar GCs (Hashimoto et al., 1999; Hollmann and
Heinemann, 1994), mimicked the AMPAR-EPSP/Cs detected
in the cerebellar GCs from GluK2 KO slices in the presence of
D-APV (50 mM) (Figures 7K and 7L). These results suggest that
the concentration (300 mM) and duration (1 ms) of glutamate
application are reasonable parameters for the active concentra-
tion and duration of glutamate exposure to postsynaptic gluta-
mate receptors at the cerebellar MF-GC synapses in stargazer
mice, if other factors are not involved.From these studies, we conclude that KARs comprised of
GluK2/Neto2, without GluK5, localize to synapses in wild-type
mice, but do not respond sufficiently to endogenous glutamate
in physiological conditions due to their low affinity for glutamate.
With the loss of AMPAR activity in the stargazer mice, the incor-
poration of the GluK5 subunit into the KAR complexes signifi-
cantly increases its affinity for glutamate, allowing the receptor
to respond to endogenous glutamate sufficiently to generate
spikes and maintain synaptic activity.
DISCUSSION
In the current work, we show that two distinct classes of iGluRs,
the AMPARs and the KARs, control synaptic transmission and
spike generation via a mechanism to regulate postsynaptic
strength at the cerebellar MF-GC synapse.
KARs Share Essential Roles as Postsynaptic
Depolarizers with AMPARs In Vivo
Our analysis of genetically disrupted mice shows that both the
TARPg-2-containing AMPAR and the GluK2/5-containing KARNeuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc. 693
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Figure 6. GluK5 Did Not Change the Synaptic Localization of KARs in Cerebellum
(A–D) Protein expression in the PSD fraction (A and C) and total lysate (B and D) from theWT compared to the GluK5 single KO (left, n = 4) and from Stg compared
to the GluK5/Stg DKO (right, n = 2). No significant changes in protein levels were detected.
(E and F) Postembedding immunogold showing preferential labeling for GluK2/3 and Neto2 at cerebellar MF–GC synapses, but not at the attachment plaques
(AP) formed between the dendritic digits of the GCs (d). Scale bars represent 200 nm
(G–J) Quantitative analysis of tangential (G and H) and vertical (I and J) distributions of immunogold showing that both GluK2/3 and Neto2 are almost limited to the
postsynaptic site of the cerebellar MF-GC synapses. Filled and blank arrowheads indicate the edges of PSD of the synapse and APs, respectively. Numbers of
analyzed immunogold are 59 (G and I) and 52 (H and J).
(K–M) Postembedding immunogold showing that GluK2/3 is predominantly localized to the PSD of MF-CA3 pyramidal cell spine (Sp) synapses in the CA3 strata
lucidum. Quantitative analysis of the vertical (L) and tangential (M) distribution of immunogold (n = 48) showing that GluK2/3 is almost limited to the postsynaptic
site Arrowheads indicate the edges of the PSD. Scale bar represents 200 nm (K).
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Plasticity by AMPA and Kainate Receptorscontribute to spike generation and overall mouse survival. We
also found that GluK2/Neto2 KAR subunits localize to the PSD
in cerebellar glomeruli. Although it is well known that NMDAR ac-
tivity impacts synaptic plasticity and that AMPAR activity can
determine synaptic strength, the function of KARs has remained
unclear. Our studies have indicated that tiny, nearly undetect-
able, KAR-EPSCs are sufficient to generate spikes due to the694 Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc.large charge transfer from their sustained decay kinetics in cere-
bellar granule cells (Castillo et al., 1997; Straub et al., 2011a;
Vignes and Collingridge, 1997). Since the primary role of synap-
ses is to transmit spikes from presynaptic to postsynaptic neu-
rons, it is important to measure the efficiency of spike generation
across the synapse. As the KAR-mediated EPSCs we observed
are very small, it is important to examine synapses in the
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Figure 7. GluK5 Regulates KAR Activity by
Increasing the Affinity to Glutamate
(A) Superimposed traces of MF-evoked KAR-
mediated EPSPs from stargazer (black) and
GluK5/stargazer DKO (gray) in response to five
pulses at 20 Hz stimulation with D-APV (50 mM).
(B) Superimposed traces of outside-out patched
membranes from HEK cells expressing GluK2/
GluK5/Neto2 (Red) and GluK2/Neto2 (Green) in
response to pulses of glutamate (300 mM, 1 ms
duration, five pulses at 20 Hz) driven by a Piezo-
electric device in current-clamp mode.
(C) Averaged ratios for the fifth peak potentials
normalized to the first peak amplitudes.
(D) Scaled and superimposed traces of MF-
evoked KAR-mediated EPSCs and outside-out
patched membranes from HEK cells expressing
GluK2/GluK5/Neto2 in response to glutamate
pulses (300 mM, 1 ms duration). Vh = 70 mV.
(E) Dose-response curves of peak amplitudes for
GluK2/GluK5/Neto2 (black, n=8) andGluK2/Neto2
(green, n = 6) receptors expressed in HEK cells to
glutamate pulses administered using a Piezo-
electric device (1msduration). The left panel shows
the representative traces recorded with 300 mM
glutamate stimulation normalized to IGlu (50 mM).
(F)Dose-responsecurvesofKAR-mediatedsteady-
state currents in cerebellar GCs from stargazer and
GluK5/stargazer double knockout (GluK5 DKO).
(G) Scaled and superimposed traces of MF-
evoked KAR-mediated EPSPs (black) and re-
combinant KARs activated by glutamate (color) as
in (A) and (B).
(H and I) Fractional peak amplitudes normalized to
the first peak in response to glutamate pulses (five
pulses at 20 Hz) of the different durations with
300 mM glutamate (H) and the different glutamate
concentrations for 1 ms duration (I) indicated.
Dashed curves in (H) and (I) show values from
evoked EPSPs from stargazer mice in the pres-
ence of D-APV (50 mM; n = 6).
(J) Scaled and superimposed traces of the first peak from KAR-EPSP and GluK2/GluK5/Neto2 KAR expressed heterologously and stimulated with glutamate
(300 or 1,000 mM) for 1 ms under current-clamp configuration. Inset shows summary graph for the 10%–90% rise time.
(K and L) Scaled and superimposed traces from native and recombinant AMPARs using the same stimulation condition (300 mM glutamate, 1 ms duration, five
pulses at 20 Hz). Black, representative MF-evoked AMPAR-mediated EPSP in response to five pulses at 20 Hz stimulation in GluK2 knockout with D-APV
(50 mM). Red, representative trace of GluA2/GluA4/Stg expressed in a HEK cell membrane in response to glutamate pulses (300 mM, 1ms duration, five pulses at
20 Hz) in current-clamp mode (left) and voltage-clamp mode (Vh = 70 mV; right).
Data are shown as means ± SEM.
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Plasticity by AMPA and Kainate Receptorsabsence of AMPAR- and NMDAR-EPSCs to examine the contri-
bution of the KAR activity to spike generation.
KARs Play Distinct Homeostatic Roles in Regulating
Postsynaptic Strength
Our study identifies a mechanism by which distinct classes of
iGluRs contribute to the homeostatic control of synaptic trans-
mission. In Hebbian-type plasticity, such as long-term potentia-
tion (LTP) and long-term depression (LTD), NMDAR activity
induces changes in AMPAR activity (Collingridge et al., 2004;
Kerchner and Nicoll, 2008; Kessels and Malinow, 2009; Malenka
and Bear, 2004; Shepherd and Huganir, 2007). On the other
hand, we find that a reduction in AMPAR function increases
KAR activity, thus maintaining spike generation via the upregula-
tion of KAR activity in cerebellar granule cells. This type of ho-meostatic control of spike generation was unexpected, given
that we observed that the function of the AMPARs and the
KARs appeared at least partially redundant.
In the current report, the loss of AMPAR activity and neuronal
activity induced KAR upregulation at the cerebellar MF-GC
glomeruli-type synapses. In addition, the reduction in AMPAR
activity potentiated KAR activity at the CF-PC synapses. These
results suggest similar type of KAR upregulation at other types
of synapses. At the cerebellar MF-GC synapses, the high affinity
GluK5 subunit was incorporated into a KAR complex of low-
affinity GluK2 subunit and auxiliary Neto2 subunit at synapses.
Therefore, upregulation of KAR activity could be occurring at
synapses expressing low-affinity subunit (GluK1-3) and auxiliary
subunit (Neto1/2). Indeed, although KARs are known to be highly
expressed in glomeruli-type synapses, weak expression of KARsNeuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc. 695
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Plasticity by AMPA and Kainate Receptorsis also observed at other types of synapses (Bahn et al., 1994;
Monaghan and Cotman, 1982). On the other hand, at the CF-
PC synapses, reduction in AMPAR activity increased KAR activ-
ity. KAR-EPSCs have been observed in interneurons and in
different brain areas (Bureau et al., 2000; Cossart et al., 1998;
DeVries and Schwartz, 1999; Frerking et al., 1998; Li and Rogaw-
ski, 1998; Li et al., 1999; Wondolowski and Frerking, 2009; Wu
et al., 2005). These synapses might show this reactive plasticity.
More examples of KAR regulation at different synapses should
be explored to examine the generality of the mechanism in the
future.
KAR-EPSCs switch to AMPAR-EPSCs during development
and in response to LTP at thalamocortical synapses (Kidd and
Isaac, 1999). At hippocampal synapses, KAR sensitivity is also
reduced during development and LTP (Lauri et al., 2006). Both
studies showed that the increase in AMPAR activity reduces
KAR activity, which was in the opposite direction to our findings
of the increase in KAR activity upon reduction in AMPAR activity.
Perhaps KAR and AMPAR control their activity each other
bidirectionally.
Compensatory Regulation Versus Homeostatic
Plasticity
We observed upregulation of KAR activity both in the stargazer
GCs lacking AMPAR activity and TTX-treated wild-type GCs.
TTX is widely used to induce homeostatic plasticity. However,
TTX suppresses global network activity and makes it difficult to
identify downstream signaling. Furthermore, analysis of minia-
ture EPSCs in primary cultured neurons, which is often used to
study homeostatic plasticity, does not allow high-resolution
analysis in the intact tissue, for example, evaluation of general
presynaptic properties and each iGluR activity. On the other
hand, knockout mice may show compensatory regulation, but
are a great tool to identify signaling cascade by selective disrup-
tion of genes. Therefore, combinations of TTX-treated wild-type
neurons and knockout mice will provide complementary infor-
mation for mechanisms of homeostatic plasticity.
We used STG mice as a tool to suppress AMPAR activity spe-
cifically instead of global suppression of network activity using
TTX. However, as mentioned above, a disadvantage to using
STG mice is a possibility of compensatory regulation. To
examine this possibility, we performed TTX treatment for wild-
type neurons to induce homeostatic effects (Figure 3). Briefly,
we used TTX-treated wild-type neurons to show that KAR upre-
gulation in the stargazer mice is due to homeostatic regulation,
but not compensatory regulation. We also showed occlusion
experiments, i.e., both KAR activity and GluK5 expression are
upregulated in both STG neurons and TTX-treated wild-type
neurons, but TTX did not further enhance KAR activity and
GluK5 expression in STG neurons (Figures 3, 4D, and 4E). These
results suggest that KAR is upregulated in the stargazer mice by
a mechanism shared with homeostatic plasticity induced by TTX
(i.e., an increase in GluK5 expression).
Activity-Dependent Switch in KAR Subunit Composition
Low-affinity KAR subunits (GluK1–3) can form homomeric ion
channels, whereas the high-affinity subunit (GluK4/5) requires
GluK1–3 for ion channel activity. Here, we found that both the696 Neuron 78, 687–699, May 22, 2013 ª2013 Elsevier Inc.suppression of network activity by TTX and a loss of AMPAR ac-
tivity increased GluK5 expression in cultured GCs and in the
mouse cerebellum. In addition, GluK5 overexpression was suffi-
cient to increase KAR activity at the cell surface as measured by
glutamate-evoked KAR currents in wild-type neurons. On the
other hand, GluK5 expression did not further enhance KAR activ-
ity in stargazer neurons, which lack AMPAR activity. This result
indicates that, although GluK5 cannot form homomeric chan-
nels, GluK5 expression in stargazer neurons is sufficient to in-
crease KAR activity and to switch KARs from the low-affinity to
high-affinity type. Future measurements of neural circuit activity
will be required to fully reveal the contribution of GluK5 expres-
sion to homeostatic plasticity in the brain.
Toward Reconstituting Synaptic Transmission
Among the three classes of iGluRs, the KARs show unique chan-
nel properties, including slow decay kinetics and lower gluta-
mate affinity (Castillo et al., 1997; Straub et al., 2011a; Tang
et al., 2011; Vignes and Collingridge, 1997). By determining con-
ditions that mimicked KAR-EPSP/Cs and AMPAR-EPSCs, we
estimated the glutamate concentration available to postsynaptic
glutamate receptors to be 300 mM for a duration of 1 ms in
cerebellar GCs of stargazer mice. The estimated concentration
of 300 mM is relatively low compared to that in previously pub-
lished reports using primary cultured neurons and competitive
inhibitors (1,100 mM, 1.2 ms) (Clements et al., 1992; Lester
et al., 1990). However, the availability of glutamate to the post-
synaptic receptors represents an equilibration between the
diffusion of glutamate released from presynaptic terminals and
glutamate removal from synaptic clefts. Both of these factors
may be vulnerable to disruption by alterations in synaptic struc-
ture and the expression of proteins such as glutamate trans-
porters (Bergles et al., 1999; Conti and Weinberg, 1999; Jonas
and Spruston, 1994). Therefore, the 3-fold difference between
our estimate of glutamate concentrations in the cerebellar
glomerulus synapses from acute cerebellar slices and those in
previous studies using hippocampal synapses from primary
cultured neurons might be accounted for simply by the different
types of neurons or synapses involved. In addition, since our
estimation is based on comparisons of the kinetics of recombi-
nant and native receptors, theremight be difference in some fac-
tors between two distinct systems (for example, membrane
capacitance). If this is the case, the estimation should be re-eval-
uated by considering other factors. However, our data represent
an example of mimicking both AMPAR- and KAR-EPSCs by re-
combinant receptors expressed in HEK cells. Future studies that
compare different types of neurons and synapses are needed to
explore this variety in active neurotransmitter concentrations
and to identify factors shaping transmission at individual
synapses.
EXPERIMENTAL PROCEDURES
Antibodies
The following antibodies were used: rabbit polyclonal antibodies to GluA2/3,
GluK2/3, GluK5 (Millipore), Neto1 (Straub et al., 2011a), and Neto2 (Zhang
et al., 2009); mouse monoclonal antibodies to GluN1 (BD Biosciences),
PSD-95 (ABR), and actin (Millipore); guinea pig polyclonal antibodies to
GluA2 (Yamazaki et al., 2010), GluA4 (Nagy et al., 2004), PSD-95 (Fukaya
Neuron
Plasticity by AMPA and Kainate Receptorsand Watanabe, 2000); and goat polyclonal antibodies to VGluT1 (Miyazaki
et al., 2003). The rabbit polyclonal antibody to GluK2/3 used for immunohisto-
chemistry in the present study was raised against the 31 C-terminal amino
acids of mouse GluK2.
Animals
We obtained the stargazer and GluK5 knockout mice from the Jackson
Laboratory. Animal handling and use followed protocols approved by the Insti-
tutional Animal Care and Use Committee at Yale University and were in accor-
dance with the National Institutes of Health guidelines.
Synaptic Physiology
Heterozygous male and female mice were mated to obtain homozygous star-
gazer mice. Sagittal cerebellar slices with a thickness of 200 mmwere prepared
from mice (P21–30). Patch-clamp recordings from GCs that were identified
visually in cerebellar slices were performed as described previously (Hashi-
moto et al., 1999; Sumioka et al., 2010). The resistance of patch pipettes
was 5–10 MU when filled with intracellular solution. For voltage-clamp
mode, the intracellular solution was composed of (in mM): 130 cesium meth-
anesulfonate, 5 HEPES, 5 Mg-ATP, 0.2 Na-GTP, 20 TEA-Cl, and 5 EGTA
(pH 7.3, adjusted with CsOH). For current-clamp mode, the intracellular solu-
tion was composed of (in mM): 125 potassium gluconate, 20 KCl, 5 HEPES, 5
Mg-ATP, 0.2 Na-GTP, and 10 EGTA (pH 7.3, adjusted with KOH). The compo-
sition of the standard bathing solution was (in mM): 125 NaCl, 2.4 KCl, 2 CaCl2,
1MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and 25 glucose; this solution was bubbled
continuously with a mixture of 95% O2 and 5% CO2. All chemicals were ob-
tained from Tocris Cookson or Sigma. Stimulation and online data acquisition
were performed using the Clampex program (version 10.2, Axon Instruments).
Signals were filtered at 3 kHz and digitized at 20 kHz. Presynaptic MFs were
stimulated by placing a micropipette in the GC layer and stimulating with
5–15 mA (A365 stimulus isolator; World Precision Instruments). In the range
of stimulation, we observed input-output relationship as digital manner, i.e.,
output detected was not dependent on stimulus intensity. The stimulation in-
tensity was adjusted just above the sharp threshold for activation of the synap-
tic response with a holding potential at +40 mV. All recordings were performed
at room temperature.
Physiology with Piezo Electric Device
HEK293 cells weremaintained in humidified 95%H2O/5%CO2. GluK2, Neto2,
and stargazin were cloned into pCAGGS vectors containing IRES-GFP or
mCherry, and transfected into cells using Lipofectamine 2000 (Invitrogen) ac-
cording to themanufacturer’s protocol. A stable cell line expressingGluK5was
used in the experiments concerning the GluK5 subunit. Neto2 was transfected
in 10-fold excess relative to GluK2, and GluA4i, GluA2i(R), and stargazin were
transfected at a ratio of 1:3:10. Expression was confirmed by western blotting.
Recordings from outside-out patches were performed at room temperature at
a holding potential of70 mV for voltage clamping. The external solution con-
tained 140 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 2.7 mM MgCl2, 1.3 mM
MgSO4, 10 mM glucose, and 10 mM HEPES (pH 7.4). Patch pipettes (open
tip resistance, 2–3 MU) were filled with a solution containing 130 mM cesium
methanesulfonate, 20 mM TEA-Cl, 5 mM Mg-ATP, 0.2 mM Na-GTP, 5 mM
EGTA, and 5mMHEPES (pH 7.3, adjustedwith CsOH). Glutamatewas applied
in extracellular solution with theta glass pipettes mounted on a piezoelectric
bimorph. Agonist-evoked currents were analog low-pass filtered at 3 kHz,
sampled at 25 kHz, and analyzed with Igor software5 (Zhang et al., 2009).
Recording Glutamate-Evoked Currents from Cerebellar GCs in
Culture and in Slice
Cerebellar GC cultures were prepared from P7 mice and were transfected at
5 days in vitro (DIV) as described previously (Zhang et al., 2009). TTX was
added on DIV 4. Whole-cell recordings from GCs (DIV10–12) were performed
in the same external and internal solutions as used for the outside-out patch
recordings. All recordings were performed at room temperature. In recordings
from GCs in both culture and slice, to measure AMPAR/KAR-mediated
agonist-evoked currents, TTX (1 mM), D-APV (100 mM), and picrotoxin
(100 mM) were added to the external solution. In glutamate dose-response ex-
periments for slices (Figure 7F), D-APV (100 mM) and MK801 (100 mM) werepreincubated and blockade of NMDAR activity was confirmed, followed by
measuring glutamate-evoked currents. Glutamate was applied in extracellular
solution close to the cell soma with a gravity perfusion system (ValueLink 8.2,
Automate Scientific). The current was analog low-pass filtered at 1 kHz and
digitally sampled at 25 kHz.
Immunohistochemistry
For postembedding immunogold electron microscopy (EM), microslicer slices
(400 mm) were cryoprotected with 30% glycerol in PB, and frozen rapidly
with liquid propane in the EM CPC unit (Leica Microsystems). Frozen sections
were immersed in 0.5%uranyl acetate in methanol at90C in the AFS freeze-
substitution unit (Leica Microsystems), infiltrated at 45C with Lowicryl HM-
20 resin (Chemische Werke Lowi, Waldkraiburg, Germany), and polymerized
with UV light. Ultrathin sections on nickel grids were etched with saturated
sodium-ethanolate solution for 1–5 s, and then treatedwith following solutions:
blocking solution containing 2% normal goat serum (Nichirei, Tokyo, Japan) in
the incubation solution (0.03% Triton X-100 in Tris-buffered saline, pH 7.4;
TTBS) for 20 min, primary antibodies (20 mg/ml for each) diluted with the
incubation solution overnight, and colloidal gold (10 nm)-conjugated anti-
rabbit or anti-guinea pig IgG (1:100, British BioCell International, Cardiff, UK)
in the blocking solution for 2 hr. Finally, the grids were washed in TTBS for
30 min, fixed with 2% glutaraldehyde in PBS for 15 min and 1% OsO4 for
20min, and stainedwith 2%uranyl acetate for 5min and Reynold’s lead citrate
solution for 1 min. Photographs were taken with an H-7100 electron micro-
scope (Hitachi, Tokyo, Japan). For quantitative analysis, postsynaptic mem-
brane-associated immunogold particles, defined as those less than 35 nm
away from the cell membrane, were counted on scanned electron micro-
graphs and analyzed using MetaMorph software (Molecular Devices, Down-
ingtown, PA).
Statistical Analysis
All data are given as the mean ± SEM. Statistical significance between means
was calculated using the unpaired Student’s t test. In all figures, the error bars
indicate ± SEM.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure and Supplemental Experimental
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